Abstract: The effects of the genotypes of donor plants and three steps of culture media (induction, differentiation, and regeneration media) were evaluated in unpollinated ovary culture of cucumber (Cucumis sativus L.) to obtain the best combination of culture media for doubled haploid (DH) production of recalcitrant cultivars. Embryo-like structure (ELS) formation was significantly affected by differentiation and regeneration media. The highest percentages of ELS formation (59.89%) were obtained when the ovaries were cultured on the D2 second step culture medium and transferred to the newly developed MS medium supplemented with several plant growth regulators and additives, MST3+, the third step culture medium. However, there was no significant effect of the genotypes and induction (first step culture) media on ELS and callus formation. The ELSs developed into shoots when transferred to the third step culture media and complete plantlets were obtained after rooting on the MS medium with no supplement (MS0). Among the 10 regenerated plantlets that survived after transplanting to soil, three were identified as haploid (H) plantlets (2n = x = 7), one was a triploid plantlet (2n = 3x = 21), and six were diploid plantlets (2n = 2x = 14). Inter-simple sequence repeat analysis confirmed that these six diploids were DH plantlets. These results suggest that the newly developed media are useful for the future production of cucumber DHs.
Introduction
Cucumber (Cucumis sativus L.) is native to tropical regions of southern Asia. In Thailand, cucumbers are a staple of our modern diet and are one of the top five most popular vegetables (Infoagro Systems 2016) . Now, cucumber is a common vegetable in many parts of the world and many types including field fresh, pickling, and greenhouse cucumbers are widely grown throughout Thailand for fresh and processed consumption, as well as for the pharmaceutical and seed industry. Currently, most of the cucumber varieties used commercially are F 1 hybrids whose inbred parents can be produced by several generations of selfing (Gémes-Juhász et al. 2002) . However, it is time-consuming and some heterozygosity may remain. Alternatively, in vitro culture of gametophytic cells, followed by spontaneous or induced chromosome doubling, can be used to obtain true homozygous lines rapidly. These homozygous doubled haploids (DHs) have been induced via either androgenesis or anther/pollen culture and gynogenesis or ovary/ovule culture processes (Li et al. 2013) . Double haploid production through gynogenesis is of considerable importance for species where androgenesis is not applicable, unsuccessful, or fraught with other problems (e.g., recalcitrance or where the level of albino regenerated plants is high, or due to male sterility or the dioecious nature of plants) (Thomas et al. 2000; Reed 2005; Bhat and Murthy 2007; Chen et al. 2011; Bhojwani and Dantu 2013) . To date, in vitro gynogenesis has been achieved in approximately 25 species, including some important crop plants (Bhojwani and Dantu 2013) . However, further efforts are required to enhance the gynogenic response by manipulation of intrinsic and extrinsic factors for the successful recovery of H and DH plants.
In cucumber, Gémes-Juhász et al. (2002) investigated the effects of temperature and time of pretreatment in ovary culture, but the low frequency of gynogenesis (0.9%-18.4%) and regeneration rates (0.6%-7.1%) has limited the practical use of this technique in breeding programs. The effects of donor plant genotypes and plant growth regulators (PGRs) in media as well as their exogenous application on donor plants were also evaluated in several reports (Gawronska et al. 2000; Diao et al. 2009; Usman et al. 2011; Seyyedyousefi et al. 2013; Tantasawat et al. 2015c) . Although these reported media were used with Thai cucumber cultivars, haploid (H) and DH plants were not successfully acquired possibly due to the genotypic effects. In our previous work, we obtained suitable media for embryo-like structure (ELS) induction and differentiation of these recalcitrant cultivars (Tantasawat et al. 2015b ). However, an additional regeneration step is still required to achieve complete plantlets. In this study, the induction media were further modified to improve the frequency of ELS formation, and new regeneration media were developed with the objective to obtain DH plantlets from unpollinated ovary culture of recalcitrant cucumber cultivars. The effects of triacontanol (melissyl alcohol; TRIA), which has been reported to influence somatic embryogenesis of coffee (Andrés et al. 2008) , 2,3,5-triiodobenzoic acid (TIBA), which inhibits polar auxin transport and is known to play a central role in plant embryogenesis (Cooke et al. 1993) , and organic additives, coconut water and tomato, were examined. We also evaluated factors influencing gynogenesis including genotypes of donor plants, induction, differentiation, and regeneration media and assessed the ploidy level and genetics of regenerated plantlets by chromosome counting and inter-simple sequence repeat (ISSR) analysis.
Materials and Methods

Plant materials
Two genotypes of field fresh cucumber, 'Chai Lai' (Chia Tai Co., Ltd., Bangkok, Thailand) and 'Big C' (East-West Seed Co., Ltd., Nonthaburi, Thailand) were used as donor plants in this study. Plants were grown outdoors in raised cement vegetable beds filled with planting mix [one part loam soil, one-half part coconut coir, one-half part Samanea saman (Jacq.) Merr. dried leaves] at the Suranaree University of Technology, Nakhon Ratchasima, Thailand, and maintained using standard horticultural practices. Both cultivars are hybrids that produce relatively high yields and are used for commercial production in Thailand (15°00′N and 100°00′E).
Unpollinated ovary culture
Female flowers were harvested from donor plants for 3 wk after the first female flower appeared. Unpollinated ovaries were obtained from female flowers 1 d prior to anthesis and were surface sterilized according to Tantasawat et al. (2015b Tantasawat et al. ( , 2015c . Ovaries were then sliced longitudinally into two equal halves under sterile conditions and placed on solid medium in 120 mL bottles. Ovaries were cultured in three steps (1 wk in the first step and 3 wk in each of the second and third steps; Fig. 1 ). Ovary slices were placed in the four induction media in the first step culture: (i) I2 medium Hom' water and 50 g L −1 tomato 'Delta' (Table 1) .
Three culture media were used in the second step culture: (i) D2 medium (Tantasawat et al., 2015b) (Table 1) . Before use, all media were sterilized by autoclaving at 121°C, 115 kPa for 20 min. The ovary culture was placed into a 120 mL culture bottle containing one of the first step media. The cultures were maintained in a culture room at 27 ± 2°C in the dark for 1 wk. After a week, ovaries cultured from the first step medium were transferred onto the second step medium in a 120 mL culture bottle. Cultures were maintained in the same conditions as for the first step but with a 16 h photoperiod provided by cool-white fluorescent tubes at a photosynthetically active radiation of 100 μmol m −2 s −1 for 3 wk. Ovaries were then transferred onto the third step media. In this step, cultures were maintained in the same conditions as the second step for 3 wk. The total length of all three steps was 7 wk. Seven weeks after culturing, the percentages of ELS or callus formation were calculated from the number of ovary pieces forming ELSs or calli/total number of ovary pieces × 100. After ELSs developed into shoots, the healthy ones were rooted in MS0 (MS basal salts with no PGR). Complete plantlets were transplanted to the soil, acclimatized in the laboratory before being transferred to the greenhouse (ca. 4-5 mo after culture initiation), and the percentages of ovary forming plantlets were calculated from the number of ovary pieces forming survived plantlets/total number of ovary 
pieces × 100. Percentage values were transformed with arcsine transformation before statistical analysis.
Statistical analysis
Three factors of treatments [genotypes ('Chai Lai' and 'Big C'), induction media (I2, I2B+, I2C+, and I2F), differentiation, and regeneration media (D2-MST3, D2-MST3+, MST3-MST3, and MST3+-MST3+)] were arranged in a completely randomized design factorial with five replications (ca. 84 ovary pieces/replication). The one-way analysis of variance using SPSS Software version 14 (SPSS Institute, Somers, NY) was used to evaluate the effects of genotypes, induction media, differentiation, and regeneration media as well as their interactions on ELS and callus formation. The means were compared by Duncan's multiple range test (p < 0.05).
Chromosome counting
Chromosome counts were carried out on root-tip cells pretreated with 2 mmol L −1 8-hydroxyquinoline for 4 h.
Roots were fixed in 3:1 ethanol -glacial acetic acid, hydrolyzed in 1 mol L −1 HCl 60°C for 6 min, and stained with Feulgen solution (Maluszynska 2003) . Squash preparation was made in acetocarmine according to Doi et al. (2010) . Chromosome numbers were counted from at least 10 cells per slide, and the means were calculated.
ISSR analysis
Genomic DNA was extracted from fresh young leaf tissues of 10 gynogenic plants from unpollinated ovary culture and six plants each of 'Chai Lai' and 'Big C'. The leaves were rapidly frozen in liquid nitrogen and ground into a powder in microfuge tubes. Genomic DNA was then isolated using a modified cetyltrimethylammonium bromide method (Owens 2003 (Wang et al. 2006) . Amplified products were separated by electrophoresis on 6% (w/v) denaturing polyacrylamide gel and detected by staining with the silver nitrate method of Sambrook and Russell (2001) . Molecular weights of the DNA bands were estimated using 100 bp DNA ladder (New England Biolabs, Ipswich, MA) as a standard. Similarities and differences in DNA banding patterns from the H/DH/triploid and the donor plants were evaluated.
Results and Discussion
Gynogenesis and plant regeneration
After the ovaries were cultured on four different first step media (I2, I2B+, I2C+, and I2F) for a week, the ELSs and calli could be observed emerging from the greenish and (or) yellowish cultures (Fig. 2a) and they continued to emerge and develop throughout the experiment. Several ELSs at various developmental stages from globular to shoot-like structures were evident after being transferred to the second step media (D2, MST3, and MST3+) (Fig. 2b) . Some shoot-like structures were elongated on the differentiation media. A proportion of these shoot-like structures that could not develop further, then became yellowish from the bottom, but some shoot-like structures developed into shoots when transferred to the third step media (MST3 and MST3+) (Fig. 2c) . They gradually developed into healthy shoots that were then rooted in MS0, and the complete plantlets were transplanted to soil (Figs. 2d, 2e) .
Effects of donor plant genotypes
Our study shows that genotypes of donor plants do not affect ELS and callus formation between two Thai cucumber cultivars (p > 0.05; Table 2 ), which is in agreement with our previous work which found that both 'Chai Lai' and 'Big C' were the best for ELS and callus formation from unpollinated ovary culture among the five Thai cucumber cultivars, and their responses were not statistically different (Tantasawat et al., 2015b) . These results indicate that there is no difference in ovary culture response between 'Chai Lai' and 'Big C'. Similarly, Diao et al. (2009) reported that the embryo formation frequencies of six Chinese cucumber cultivars were not variable. Nevertheless, the response is likely to be genotype-specific because several studies have identified genotype as a critical factor in determining the success of cucurbit gynogenesis (Dumas de Vaulx and Chambonnet 1986; Sauton 1988; Shalaby 2007) , perhaps due to the origin of genotypes and the genetic variation among them. In support of this view, when we used both Thai and Chinese cultivars that are genetically diverse for unpollinated ovary culture in a preliminary experiment, genotypic effect of donor plants was observed on ELS and callus formation (Supplementary Table S1 1 ).
Effects of culture media
Percentages of ELS and callus formation were not different (P > 0.05) among the four different induction media (I2, I2B+, I2C+, and I2F; Table 3 ). However, percentages of ELS formation tended to be higher in I2 medium (control; 51.49%) than I2B+, I2C+, and I2F. The effectiveness of I2 may be due to the synergistic effect of TDZ and BAP (Tantasawat et al. 2015b ). Interestingly, the supplementation of 0.02 mg L −1 TRIA in three media, I2B+, I2C+, and I2F, and 1 mg L −1 TIBA in I2B+ and I2F did not provide a beneficial effect over I2. Instead, it appeared to slightly suppress the percentage of ELS and callus formation. Moreover, the addition of coconut water and tomato pulp into the I2F resulted in the lowest percentage of ELS formation (38.99%). These results suggest that TRIA, TIBA, coconut water, and tomato do not have beneficial effects on ELS/callus formation in the first step culture. After 6 wk of culture in the second step (3 wk) and third step (3 wk) media, the ELS/callus formation was different (p < 0.05) between various differentiation and regeneration media (Table 4) . Ovary cultures transferred from D2 onto MST3+ led to the greatest percentage of ELS formation (59.89%), which was higher than those of other treatments, suggesting that this combination of media has the highest ELS inducing ability. In contrast, callus formation efficiencies of the second and third step media were not different (p > 0.05; Table 4 ). Note that the D2 medium that was the best differentiation medium in our previous work (Tantasawat et al. 2015b) embryogenesis in various somatic explants, e.g., leaf discs and cotyledons (Usman et al. 2011) . Furthermore, the study of Khaleghi et al. (2008) on Alstroemeria showed that the greatest number of shoots (2.25 shoots per explant) was obtained from the medium supplemented with 0.2 mg L −1 NAA and 1.5 mg L −1 BAP. It has been
shown that increasing BAP concentrations caused shoot induction by stimulating cell division due to decreasing apical dominance. Moreover, the presence of low NAA concentration in the medium is necessary for the primordial and rhizome growth of shoots (Seyyedyousefi et al. 2013 ).
The browning phenomenon that is usually imputed to oxidized phenolic compounds by polyphenol oxidase could be influenced by environmental factors as well. The presence of light and high temperature raises browning rates by increasing the enzyme activity (Dobránszki and Teixeira da Silva 2010). After transferring the ovary cultures into light conditions, some ovary pieces began to turn brown. Pretreating or supplementation with polyvinylpyrrolidone (PVP) and organic additives has been shown to help remove phenols or reduce their accumulation in tissue culture media (Krishna et al. 2008 ). The MST3+ medium was supplemented with 10 g L −1 PVP and several organic additives including 100 mL L −1 coconut water, 50 g L −1 tomato, and it also contained 50 g L −1 Khai banana. The addition of PVP and Khai banana in MST3+ medium did provide a beneficial effect over MST3 medium. PVP plays an integral role in the removal of phenolic compounds to prevent browning. Browning was reduced effectively, and the survival rate of explants was increased. The ovary culture that survived was green in color, whereas those that did not survive turned brown and black in compliance with Babaei et al. (2013) , who reported that browning was significantly reduced in petiole explants of Curculigo latifolia Dryand. ex Aiton pretreated with 1 g L −1 PVP for 9 h (83.3%). This may be even more effective when used in conjunction with Khai banana because its pulp has high amounts of antioxidant compounds (ascorbic acid and carotenoid contents) and sucrose at all ripening stages (Amorim et al. 2009; Sittisuanjik and Sriruksa 2013) . Sucrose has been shown to be the most suitable source of carbon and energy for plant cultures and may have the ability to induce embryogenesis (Tokuhara and Mii 2003; Thorpe et al. 2008) . Gnasekaran et al. (2010) found that on the medium containing Mas banana pulp, the growth of violet phalaenopsis protocorm-like bodies (PLBs) was greater than those containing papaya, tomato, and coconut water. Similarly, Tantasawat et al. (2015a) reported that the addition of 50 g L −1 Khai banana into the VW (Vacin and Went 1949) medium promoted a maximum multiplication rate of Earsakul dendrobium PLBs. Furthermore, several researchers have found that MST3+ also contains ABA, which plays a key role in embryo and seed development at all developmental stages, both in a stimulatory and inhibitory manner (Quatrano 1987; Rock and Quatrano 1995) . Abscisic acid controls the proper embryo formation and maturation (Ammirato 1977; Ackerson 1984) and it is involved in the initiation and progress of tissue desiccation (Galau et al. 1991; Hilhorst and Karssen 1992) as well as in the acquisition of desiccation tolerance by embryos (Kermode and Bewley 1987) . Moreover, it has been shown for many, but not for all plant species, that exogenously applied ABA to the growth medium increases the number of properly developed somatic embryo and improves their quality (Attree and Fowke 1993; Nomura and Komamine 1995) .
Six and four plantlets were regenerated from unpollinated ovary cultures of 'Big C' and 'Chai Lai' with the percentages of ovaries forming plantlets of 7.50% and 2.72%, respectively (Table 5 ). It is possible that the supplementation of several organic additives including coconut water, tomato, and Khai banana pulp in the differentiation and regeneration media may help to promote plantlet formation in the ovary culture of cucumber.
Ploidy levels of regenerated plants
The ploidy levels of 10 regenerated plantlets and donor plants 'Chai Lai' and 'Big C' were determined by chromosome counting (Table 5 ). These regenerated plants consisted of H (2n = x = 7), diploid (2n = 2x = 14), and triploid (2n = 3x = 21). Of six plantlets of 'Big C', the majority (83.3%) of plantlets were diploid, with 16.7% being H. Of four plantlets of 'Chai Lai', two were H (50%), one was diploid (25%), and one was triploid (25%). Cucumis sativus had a total number of 2n = 2x = 14 chromosomes. The same chromosome number was confirmed in the diploid plantlets and donor plants. Similarly, results have been reported in cucumber (Diao et al. 2009 ) and in other species such as squash (Metwally et al. 1998) , melon (Ficcadenti et al. 1999) , and onion (Alan et al. 2004 ). In cucumber, Diao et al. (2009) showed that 
ISSR analysis
When ISSR analysis was carried out using donor DNA bulk from 'Chai Lai' (DBC) and 'Big C' (DBB) cultivars as controls, four ISSR primers (ISSR 808, 809, 811, and 834) showed one (300 bp), five (130, 170, 185, 225, and 375 bp), two (325 and 400 bp), and two (190 and 275 bp) polymorphic fragments among the donor plants and their ovary culture-derived plantlets, respectively. Table 6 shows the presence and absence of these DNA bands from 10 regenerated plantlets compared with donor plants. An example of variation in DNA banding patterns among regenerated plantlets and donor plants amplified by ISSR 809 primer was shown in Fig. 3 . Different banding patterns were observed between 'Chai Lai' and 'Big C' when using ISSR 808 and ISSR 811 primers. Using all four ISSR primers, most of the regenerated plantlets were found to exhibit different DNA banding patterns Note: +, presence of ISSR band; −, absence of ISSR band. DBC, DNA bulk of 'Chai Lai'; C1-C4, plantlets developed from unpollinated ovary culture of 'Chai Lai' 1-4; DBB, DNA bulk of 'Big C'; B1-B6, plantlets developed from unpollinated ovary culture of 'Big C' 1-6. Fig. 3 . Segregation of polymorphic fragments in cucumber unpollinated ovary culture derived plantlets using an ISSR 809 primer. (a) 'Chai Lai' and (b) 'Big C'. DBC, donor DNA bulk from 'Chai Lai'; C1-C4 = plantlets developed from unpollinated ovary culture of 'Chai Lai' 1-4; DBB, donor DNA bulk from 'Big C'; B1-B6 = plantlets developed from unpollinated ovary culture of 'Big C' 1-6. [Colour online.] compared with those of their respective controls, suggesting that they derived from reproductive cells of ovaries. The distinct DNA banding patterns observed in the six diploid plants obtained from unpollinated ovary culture of cucumber confirmed that these plantlets were DH. These results suggest that ISSR is an effective tool for genetic verification of DH plantlets. Similarly, Chen et al. (1998) and Hemaprabha et al. (2013) used ISSR analysis to determine the extent of genetic variation and reveal that the diploid plants regenerated from anther culture of flax and rice, respectively, were indeed DHs.
Conclusions
Our results show that D2 and MST3+ are the best differentiation and regeneration media for unpollinated ovary culture of the cucumbers tested, leading to the highest percentages of ELS formation. The resulting ELSs could develop into complete plantlets using this three-culture step method. Most of the surviving plantlets were diploid, suggesting that spontaneous chromosome doubling occurs, and that colchicine treatment may not be necessary in these cultivars. Six diploids were obtained, all of which were effectively verified as DHs by ISSR analysis, and will be further tested in the future. These findings offer new possibilities for the future production of cucumber DHs, particularly in recalcitrant cultivars, which is useful for the generation of homozygous parental lines for F 1 hybrid production.
